Summary Eucalyptus is the most economically important hardwood plantation tree cultivated in tropical and subtropical countries. Inter-simple sequence repeat (ISSR) markers were used to evaluate genetic relationships within and between individuals of six Eucalyptus species. A total of 583 loci (265 to 1535 bp) were amplified from 149 individuals belonging to the six Eucalyptus species using seven ISSR primers (two to three nucleotide repeats anchored with one or two nucleotides at the 3′ or 5′ region). The ISSR fragments indicated significant polymorphism and genetic diversity among the individuals. Cluster analysis and principal component analysis revealed the occurrence of wide genetic diversity among populations of E. tereticornis Sm., E. camaldulensis Dehnh. and E. urophylla S.T. Blake and narrow genetic diversity among populations of E. citriodora Hook. and E. grandis W. Hill ex Maiden. Genetic diversity was high in E. tereticornis Sm. (47.27%) and low in E. citriodora (18.64%). Maximum Nei's genetic identity (0.897) was observed between E. camaldulensis and E. tereticornis species, whereas maximum genetic diversity (0.286) was found between individuals of E. citriodora and E. grandis.
Introduction
The genus Eucalyptus (2n = 22), which is native to Australia, has more than seven hundred species. Eucalyptus species are extensively grown in commercial forest plantations worldwide for use in the paper, rayon and other industries. Among the available species, thirty are widely planted because of their broad range of adaptability and fast growth (Boland et al. 1984) . Six species of Eucalyptus (E. camaldulensis Dehnh., E. citriodora Hook., E. grandis W. Hill ex Maiden, E. pellita F. Muell., E. tereticornis Sm. and E. urophylla S.T. Blake) have been found suitable for Indian agro-climatic conditions and are widely planted in the subcontinent Somen 1997, Kallarackal et al. 2002) . Recently, certain hybrid populations, such as E. tereticornis × E. grandis, have also been planted in India because of their enhanced performance (Nagarajan et al. 2002) .
Knowledge of genetic diversity is important both for planning breeding strategies and because it provides a scientific basis for improving the management of genetic resources in forest tree species (Poltri et al. 2003) . Long-term breeding is aimed at achieving a balance between genetic gains and maintenance of adequate genetic variation (Gaiotto et al. 1997) . In hybridization programs, it is important to find the best choice of individuals for crossing so as to optimize the expression of genes of interest (Ruas et al. 2003) . Thus, a detailed understanding of the genetic relationships available in populations of individual species and between species is needed to plan crosses that will improve both the genetic base and genetic diversity.
Traditionally, morphological observations and progeny tests have been used as descriptors of genetic diversity; however, they fail to reveal exact taxonomic relationships because most of the morphological characters are plastic and influenced by environmental factors. During the past two decades, the use of DNA markers has become a key strategy for studying genetic diversity in tree species and provides an increasingly accurate assessment of taxonomic relationships and the history of gene flow. Inter-simple sequence repeats (ISSRs) have been shown to provide a powerful, rapid, simple, reproducible and inexpensive means to assess genetic diversity and identify closely related cultivars in many species (Gonzalez et al. 2002) . Generally, the primers used in ISSR are di-, tri-, tetra-, or penta-nucleotide SSR motifs. Both anchored and non-anchored primers detect a wide array of possible amplification products (Blair et al. 1999, Bornet and Branchard 2001) . These dominant microsatellite-based molecular markers are comparable with restriction fragment length polymorphisms (RFLPs) and random amplified polymorphic DNA (RAPDs) in providing high variability and high mapping density (Nagaoka and Ogihara 1997) . Among the dominant markers, ISSRs are more reproducible than RAPDs and less expensive to use than amplified fragment length polymor-phisms (AFLPs) for handling large numbers of samples (Hantula et al. 1996) . The ISSR technique has been extensively used for several applications in molecular taxonomy, conservation and breeding (Wolfe et al. 1998 , Blair et al. 1999 , Hao et al. 2002 , Ruas et al. 2003 ) and genetic diversity analysis in tree species like casuarina, mulberry, mango, tea and raspberry (Lai et al. 2001 , Gonzalez et al. 2002 , Hong et al. 2003 , Awasthi et al. 2004 , Yasodha et al. 2004 . In the present study, we used ISSR markers to assess genetic relationships between and within six Eucalyptus species.
Materials and methods
Seeds of E. camaldulensis, E. citriodora, E. grandis, E. pellita, E. tereticornis and E. urophylla were obtained from the Australian Tree Seed Centre, CSIRO, Australia (Table 1) . The seedlings were raised in the Indian germplasm bank at the Institute of Forest Genetics and Tree Breeding. We isolated DNA from juvenile leaf tissues collected from 6-month-old seedlings by the CTAB method described by Doyle and Doyle (1987) . The RNA was removed from the DNA extract by treating it with RNase A (1 mg ml -1 ) for 30 min at 37°C. The resultant DNA was dissolved in TE buffer and its concentration estimated by agarose gel (0.8%) electrophoresis, with λ DNA (Bangalore Genei, Bangalore, India) as the standard.
The PCR mixture (10 µl) contained 1.0 µl 10 × PCR buffer, 2.5 mM MgCl 2 , 40 µM dNTP mix, 0.3 U Taq DNA polymerase (Bangalore Genei), 100 nM ISSR primer (Sigma-Aldrich, St. Louis, MO) and 15 ng of template DNA. Seven primers (two primers designed at the University of British Columbia, Vancouver, BC, Canada, and five primers designed in-house and synthesized at the Centre for DNA Fingerprinting and Diagnostics, Hyderabad, India) were used ( Table 2 ). The ISSR amplifications were carried out in a programmable thermal cycler (PTC-200, MJ Research) as follows: 3 min at 94°C, followed by 35 cycles of 30 s at 94°C for denaturation, 30 s at 50°C for annealing, and 1 min at 72°C for polymerization with final extension at 72°C for 10 min. The ISSR fragments were separated in a 2% agarose gel (10 × 7 cm) with 1 × TAE buffer at 70 V electric field for 2 h, along with a 1-kb ladder (Gibco BRL, Invitrogen, Carlsbad, CA) for molecular weight determination. The gel profiles were viewed with a UV-transilluminator and recorded with a Kodak-DC290 digital camera.
We scored ISSR fragments as present (1) or absent (0) for each individual and a similarity matrix was derived from the binary data based on Nei and Li's similarity indices (Nei and Li 1979) . Single population analysis of polymorphism percentage, allele frequency (Kimura and Crow 1964) , gene diversity (Nei 1973 ) and Shannon's information index (Lewontin 1972) were estimated with POPGENE 1.32 software (Yeh et al. 1997 ). The similarity matrix was used in a UPGMA cluster analysis and a principal coordinate analysis by employing the software NTSYS-pc (Rohlf 1992) . Binary data were used to calculate the genetic identity/diversity (Nei 1972) among the six species, using POPGENE, Version 1.32 (Yeh et al. 1997) , assuming Hardy-Weinberg equilibrium. Hierarchical analysis of molecular variance (AMOVA; Excoffier et al. 1992 ) was performed as described by Huff et al. (1993) with the ARLEQUIN software (V. 2.0). The number of permutations was set at 1023 for all of the statistical analyses.
Results
Analysis of genetic relationships within and between populations of six Eucalyptus species showed significant polymorphism with seven ISSR primers ( Figure 1 ). A total of 583 loci were amplified from 149 individuals belonging to the six species, and the PCR products varied in length between 265 and 1535 bp (Table 3) . Total number of amplified loci per ISSR primer varied from 44 (with RA(GCT) 6 ) to 102 (with TA(CAG) 4 ). The number of loci was low when amplifying with the RA(GCT) 6 primer, which yielded a maximum of 28 monomorphic bands, and the highest percent of monomorphism was 63.6%. In contrast, R(CA) 7 gave a maximum of 86 polymorphic bands and the highest percent of polymorphism was 87.8%.
Intra-specific population genetic analysis
Analysis of fingerprinting data obtained from the population study revealed genetic diversity in ISSR polymorphism for each species (Table 4 ). The (GA) 8 R primer amplified only one locus in E. pellita, whereas 31 fragments were amplified in E. tereticornis by the R(CA) 7 primer of which 27 were polymorphic. Homogeneous profiles were observed in all E. pellita individuals with RA(GCT) 6 , but primer (GA) 8 R generated only a single monomorphic band. Maximum percent polymor-1296 BALASARAVANAN ET AL.
TREE PHYSIOLOGY VOLUME 25, 2005 phism (100%) was also registered in E. pellita populations, where all 15 fragments amplified by R(CA) 7 were polymorphic. One to four monomorphic fragments were observed in E. urophylla with the RA(GCT) 6 primer, whereas 100% polymorphism was detected in this species with UBC842, where 12 ISSR fragments were obtained. In E. grandis, seven to 22 loci were amplified and the greatest number of monomorphic fragments (8) was observed in this species when amplified with TA(CAG) 4 , followed by RA(GCT) 6 . In E. camaldulensis, all primers amplified a comparatively large number of loci and the number of bands ranged from 10 to 24. More than 80% polymorphism was detected with all the ISSR primers except RA(GCT) 6 (Table 4 ). In general, greater diversity was seen in E. camaldulensis than in other populations (Figure 2) . In E. citriodora, the number of loci ranged from 7 to 16 and more than 37% of them were monomorphic, indicating narrow genetic diversity among individuals of this species (Figure 2 ). Among all species, E. tereticornis amplified the greatest number of ISSR fragments (126) with the seven primers. Among the primers tested, R(CA) 7 and R(GCT) 6 amplified the highest number (31) and the lowest number (10) of fragments, respectively. The highest number of polymorphic bands (27) was amplified by R(CA) 7 in E. tereticornis individuals. Among the individuals studied, E. tereticornis exhibited the greatest ISSR polymorphism and wide genetic diversity (Table 4). In all studied species, a single monomorphic locus at 992 bp was observed when amplified with the RA(GCT) 6 primer.
The population-level genetic diversity is summarized in Table 5 . Among the six species, high genetic diversity in terms of percent polymorphic loci was observed in E. tereticornis (47.27%), whereas E. citriodora exhibited the lowest genetic diversity (18.64%). A similar trend was observed for mean gene diversity (Nei 1973) , with minimum mean gene diversity (0.0637) in E. citriodora, and maximum mean gene diversity in E. tereticornis (0.1246). Similar trends among the study populations were observed for Shannon's information index and allele frequency values (Table 5) .
Spatial relationships among individuals of each species are shown in Figures 2 and 3 . The dendrogram (Figure 2 ) was constructed by cluster analyses based on the Nei and Li similarity matrix of the respective populations. It revealed wide genetic diversity among individuals of E. tereticornis, E. camaldulensis and E. urophylla, whereas a narrow genetic diversity was observed among individuals of E. citriodora and E. grandis. The combined principal coordinate (PCO) plots (Figure 3) could not segregate the population of each species except the E. citriodora population and so it was not possible to observe intra-population diversity. Among populations, maximum similarity was observed between two individuals of E. grandis with a similarity coefficient of 0.96, whereas maximum diversity was observed between two individuals of E. camaldulensis with a similarity coefficient of 0.57 (data not shown).
Inter-specific population genetic analysis
The six Eucalyptus species were divided into three groups TREE PHYSIOLOGY ONLINE at http://heronpublishing.com (Kimura and Crow 1964) ; H = mean gene diversity (Nei 1973) ; I = Shannon's Information index-mean (Lewontin 1972) ; and Pl (%) = polymorphic loci percentage. ble 6). The AMOVA results indicated that 53.32% (P = 0.0127) of the variation was attributable to differences among populations within groups, but that diversity among the groups was insignificant (15.65%, P > 0.02346). Genetic diversity within the populations was 31.03% (P = 0.03617). Nei's genetic identities and distances between the six Eucalyptus species are shown in Table 7 . Nei's similarity index was highest (0.8969) between E. camaldulensis and E. tereticornis, whereas diversity was highest (0.2861) between E. citriodora and E. grandis. The genetic relationships among the six species are also shown in the dendrogram and PCO plot (Figures 2 and 3) . The dendrogram showed a close relationship between E. camaldulensis and E. tereticornis. However, the dendrogram and PCO plot illustrated wide diversity between E. citriodora and the other species, which had a close and mixed distribution of populations (Figures 2 and 3) .
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Discussion
Molecular marker techniques such as AFLP, RAPD and SSR have been used for genetic linkage mapping and to assess genetic diversity and phylogeny of Eucalyptus species (Grattapaglia and Sederoff 1994, Brondani et al. 1998 , Bundock et al. 2000 , Jones et al. 2002 , Rocha et al. 2002 . In this study, we used ISSR markers to estimate the intra-and inter-species genetic relationships of six tropical Eucalyptus species. We 1300 BALASARAVANAN ET AL.
TREE PHYSIOLOGY VOLUME 25, 2005 Figure 3 . The combined PCO plots showing the distribution of Eucalyptus pellita (Ep), E. grandis (Eg), E. urophylla (Eu), E. tereticornis (Et) and E. camaldulensis (Eca) based on ISSR fingerprinting. The inset square shows the overall distribution of all six Eucalyptus species studied, including E. citriodora (Eci). found high inter-species diversity, but little intra-species diversity. A similar result was recently reported for the Populus species, P. tremula L. and P. alba L. (Fossati et al. 2004) . Based on Nei's estimates of genetic identity/diversity, the highest diversity was found between E. citriodora and E. grandis (0.286), with E. camaldulensis and E. tereticornis exhibiting the lowest diversity (0.109) among the species studied. Genetic diversity among these Eucalyptus species was low when compared with another tree crop species, Coffea (Ruas et al. 2003) , where ISSR-based genetic diversity between species ranged from 0.28 (C. eugenioides S. Moore and C. kapakata (A. Chev.) Bridson) to 0.75 (C. racemosa Lour. and C. liberica Bull ex Hiern.). However, the diversity estimates between our Eucalyptus species are comparable with another out-crossing forest species, Populus, where 27% diversity between P. alba and P. tremula was registered by AFLP analysis (Fossati et al. 2004 ). Nei's inter-population diversity indices, the dendrogram and the PCO plots grouped E. camaldulensis, E. grandis, E. pellita, E. tereticornis and E. urophylla together and grouped E. citriodora separately. This grouping is concordant with the taxonomical hierarchy for the genus Eucalyptus wherein all the species studied, except for E. citriodora, belong to the subgenus Symphyomyrtus. Eucalyptus citriodora is classified under subgenus Corymbia (Pryor and Johnson 1971) . Among species, the highest similarity was observed between E. tereticornis and E. camaldulensis (0.90), classified under the section Exsertaria, and high similarity (0.862) was observed between E. pellita and E. urophylla, classified under section Tranversaria. However, E. grandis revealed greater genetic relatedness to E. tereticornis and E. camaldulensis than to E. pellita and E. urophylla, even though it belongs to section Transversaria.
The genetic parameters estimated from the ISSR data indicated that there was substantial genetic diversity within the seedling populations of each species. Genetic diversity within each Eucalyptus species ranged from 18.64 to 47.27% for the E. tereticornis population. An earlier RAPD-based study in the temperate species E. globulus recorded 30.7% genetic diversity among its populations (Nesbitt et al. 1995) . Similarly, a comparative estimation of heterozygosity using SSR markers registered greater diversity in E. tereticornis (30.5%) than in E. globulus (22.4) (Marques et al. 1998) .
The choice of primers used in amplification is critical to demonstrating high polymorphism. All the primers used in our study amplified large numbers of loci, varying from one to 31 per ISSR primer depending on the species. However, an SSR-based study reported that in E. grandis and E. urophylla, the number of alleles varied from a minimum of five to a maximum of 18 per microsatellite (Brondani et al. 1998) . They also observed that heterozygosity ranged between 56 and 59% in E. urophylla and E. grandis, respectively. An RAPD-based study on hybrid populations of E. grandis × E. urophylla and seedlings of E. globulus detected similar (63.8%) DNA polymorphism (Nesbitt et al. 1995 , Rocha et al. 2002 . In our ISSR-based study, polymorphism was higher (73.7%) than recorded in the studies using other marker systems. Because the ISSRs indicated high polymorphism in natural populations of Eucalyptus, we anticipate that the results of ISSR-based studies will play a major role in the management, conservation and improvement of this tropical tree crop. This ISSR-based study has contributed to our understanding of the genetic status of six Eucalyptus species. Based on this information, it will be useful to devise sampling strategies that efficiently capture genetic diversity for selection trials and subsequent distribution of clonal planting stock. As Namkoong (1986) stressed, high genetic variation is a safeguard against co-evolving biotic factors such as pests and diseases. Hence, ISSR-based assessments will be helpful both in deciding how to conserve germplasm and in planning crosses in breeding programs. Moreover, the assessment of genetic variation within species of Eucalyptus will assist in predicting achievable genetic gain in breeding programs and it may indicate the stability of progenies of interspecific crosses. 
